Although plentiful research on Λ-vortex can be found in literature, the mechanism of Λ-vortex generation is still in veil. Despite the difference in initial perturbation conditions in both experiments and numerical simulations, the following Λ-vortex was found to be basically the same which leads to an assumption that Λ-vortex is an inherent characteristic of boundary layer equations. On the other hand, the initial disturbance or T-S wave is believed to function as trigger and should not be viewed as an embryonic form of Λ-vortex. The notion Λ-vortex comes from wave growth according to primary and secondary instability theory is not convincing at all. In this paper, the shape of Λ-vortex and its relation with initial disturbance is carefully investigated using direct numerical simulation (DNS). The mechanism of Λ-vortex generation is the ultimate goal of this paper. , α α = two and three dimensional streamwise wave number of inlet disturbance β = spanwise wave number of inlet disturbance R = ideal gas constant γ = ratio of specific heats ∞ µ = viscosity x, y, z -stremwise, spanwise, normal directions
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I. Introduction
he Λ-vortex was observed experimentally by Hama (1960) taking advantage of hydrogen bubble visualization techniques. Thereafter, considerable attention had been paid to investigate the Λ-vortex and its role in laminarturbulence transition. Klebanoff et al. (1962) and Kovasznay et al. (1962) also conducted experiments to study the 1 Visiting PhD student from Nanjing University of Aeronautics and Astronautics. 2 T transition process in detail. Even though their views on Λ-vortex do not always agree, consensus established that the Λ-vortex is generated after the amplification of two-dimensional wave and can create a strong upward fluid motion between its legs and then a high shear layer is formed. Liu et al. (2014) proposed a "buildup" process of vortical structures to explain the transition from laminar to turbulence in which the effects around Λ-vortex and their role in transition are discussed exhaustively.
On the other hand, researchers tend to believe the initial formation of the Λ-structures results from wave growth according to primary and secondary instability theories. However, Yan et al. (2013) reported the period is very short during which the linear solution and DNS results are comparable which questions the statement above. From an experimental point of view, Kozlov et al. (1984) find the spanwise spacing of Λ-vortices is quite independent of the mean-flow velocity and of the frequency of artificial disturbances. The shape and developing process of Λ-vortices are quite similar in normal transition. Therefore, it is assumed that the Λ-vortex is an inherent property of transitional boundary layer flow. The disturbance enforced at the inlet triggers, but not directly induces the generation of Λ-vortex.
The Λ-vortex plays a significant role in generating upward motion and a high shear layer, which can be seen as a starter of the later multi-level vortex generation. Viewed as the result of linear unstable modes' growth according to primary and secondary, investigators have spent millions of dollars to inhibit the generation of Λ-vortex and subsequent transition by using linear modes suppression technolog. But little progress has been made. This fact reaffirms the assumption Λ-vortex is not determined by enforced unstable modes, but inherent characteristic of boundary layer transitional flow. In order to reveal the mechanism behind Λ-vortex generation, especially why their shape are quite similar from both experiments and numerical simulations and why their span-wise spacing is quite independent, a direct numerical simulation (DNS) was carried out with 1920×241×128 grid points along streamwise spanwise and normal wise directions respectively over 600, 000 time steps at a free Mach number of 0. 
II. Case Setup and Code Validation

Case setup
The computational domain is shown in Figure 1 (a). The grid includes 1920×128×241 points in streamwise (x), spanwise (y), and wall normal (z) directions respectively. A uniform grid is employed in both streamwise and spanwise directions, while a stretching grid is used in normal direction. The first grid interval is carefully chosen to make sure the grid is fine enough to capture all the small scales. The Message Passing Interface (MPI) plus the streamwise direction domain decomposition which is shown in Figure 1 Table 1 . Lx and Ly are the lengths of the computational domain in streamwise and spanwise directions, while Lz in is the height of the computational domain at the inlet. x in is the distance between inlet and the leading edge of the flat plate and T w represents the wall temperature. (Rist et al., 2002) , and the consistence shows our results are correct and accurate. Since the detailed validation has been reported, only a brief describtion will be given here.
Comparison with Log Law and grid convergence
Time and spanwise-averaged streamwise velocity profiles for various streamwise locations in two different grid levels are shown in Fig. 2 . The inflow velocity profiles at x=300.79δ in is a typical laminar flow velocity profile. At x=632.33δ in , the mean velocity profile approaches a turbulent flow velocity profile (Log law). This comparison shows that the velocity profile from the DNS results is turbulent flow velocity profile and the grid convergence has been realized. 
Comparison with Experiment
By using λ 2 -eigenvalue visualization method, the vortex structures shaped by the nonlinear evolution of T-S waves in the transition process are shown in Fig. 3 . The evolution details are studied in our previous paper (Liu et 
Comparison with Rist's DNS data
III. DNS observation on Λ-vortex in boundary layer
Λ-vortex is not a vortex tube
As presented in our previous paper (Yan et al., 2013) , the Λ-vortex is penetrated by vortex lines (Fig. 6 ) and therefore can not be a vortex tube. It is also found that on a single vortex line of Λ-vortex, the vorticity magnitude is smaller inside the visualized λ 2 iso-surface than that outside the iso-surface which illustrate vortex is not directly related to vorticity. 
The shape of Λ-vortex
The shape of Λ-vortex is quite uniform. Fig. 7 shows three different stages of the first Λ-vortex from our DNS. Table 2 gives the corresponding angles of the right leg of Λ-vortex. The angles definition are is shown in Fig. 8 . It is shown in Fig. 7 that the span-wise spacing stays almost the same as Λ-vortex develops. Figure 7 . The shape of Λ-vortex at . , . , . 
Figure 8. Definition of the angles 3. Λ-vortex generation is really a process of irrotational vorticity becoming rotational vorticity
Vorticity is not directly related to vortices. For example, a large vorticity bank exists in a laminar boundary flow without any vortices. And we believe only a part of vorticity accounts for the rotating vortices. Moreover, based on vortex dynamics, the vorticity can not be generated or destroyed in an incompressible flow. Therefore, Λ-vortex generation should be viewed as a process of irrotational vorticity transforming to rotational vorticity which account for vortices. Figure 9 . The vortical stuctures at t=5.58T with six slices Fig. 9 shows the vortical structures at 5.58 with 6 slices contoured by streamwise perturbation velocity '. Fig. 9 also include time information showing the development of enforced disturbance. The streamwise spanwise and normal wise perturbation velocities are shown in Fig. 10 , Fig. 11 and Fig. 12 . 
The development of perturbation velocities as Λ-vortex develops
. Λ-vortex does not represent the congregation of vortex filaments
It is intuitive to assume the vortex filaments congregate at the location of Λ-vortex from Fig. 6 (b) . However, when the vorticity magnitude of a vortex line passing the Λ-vortex is checked as shown in Fig.  12 , it is found that the vorticity on the vortex filament inside Λ-vortex is much lower around 0.3 than that outside it around 0.85. Moreover, five vortex line are drawed from the central plane as shown in Fig. 13 (b) and the five points in the central plane are shown in Fig. 13 (a) . It is shown the vortex filaments depart from each other inside the Λ-vortex. The vortex filaments can kind of represent a vortex tube, and it is easy to find that the diameter of the vortex tube become larger where the vortex tube is inside Λ-vortex. This facts directly opposite the concept vortices exist where vortex filaments congregates. Fig. 7 , three points' velocity gradient tensors are measured along the vortex core of the right leg. Then the tensors will be analysed using a method try to divide vorticity into a rotational part and irrotational part. After the analysis is done, we try to show that the irrotational vorticity is transferred to rotational vorticity. 
III Conclusions and discussions
In order to reveal the mechanism behind Λ-vortex generation, the disturbance growth, shape of Λ-vortex, velocity tensors are carefully examined. It is found the concept that Λ-vortex is where vortex filaments congregate is wrong. The vorticity should be divided into irrotational part and rotational part. The Λ-vortex generation is in nature a process irrotational vorticity transformed to rotational vorticity. The detailed information will be given in the final paper. 
